The PTEN tumour suppressor is a phosphatase that dephosphorylates phosphatidylinositol 3, 4, 5 triphosphate (PIP3) and protein substrates. PTEN function is modulated by its carboxy-terminal region, which contains several clustered phosphorylation sites and a PDZ-binding motif (PDZbm). Although PTEN growth suppression effect is well demonstrated, its additional biological roles are less well understood. DAF-18, a Caenorhabditis elegans homologue PTEN, is a component of the insulin/IGF-I signalling pathway that controls entry to the dauer larval stage and adult longevity. To further explore the role of PTEN in the insulin signalling cascade and its possible involvement in the mechanisms of ageing, we undertook a study of PTEN function in C. elegans. We now report that human PTEN can substitute for DAF-18 and restores the dauer and longevity phenotypes in worms devoid of DAF-18. Furthermore, we provide genetic and biochemical evidence that dauer and lifespan control depends on PTEN-mediated regulation of PIP3 levels. Finally, we established that phosphorylation sites in the Cterminus of PTEN and its PDZbm are necessary for PTEN control of the insulin/IGF-I pathway. These results demonstrate that PTEN negatively regulates the insulin/ IGF pathway in a whole organism and raise the hypothesis that PTEN may be involved in mammalian ageing.
Introduction
The PTEN tumour suppressor gene is somatically mutated in a wide range of tumours, including glioblastoma, melanoma, prostate and endometrial neoplasia (Cantley and Neel, 1999; Bonneau and Longy, 2000; Simpson and Parsons, 2001 ). Furthermore, germline mutations of PTEN are the underlying genetic cause of three related multiple hamartoma disorders: Cowden disease characterized by an increased risk of breast and thyroid cancers; Bannayan-Zonana and Proteus syndromes (for a review see Eng, 2003) . PTEN encodes a phosphatase, which dephosphorylates phosphatidylinositol 3, 4, 5 triphosphate (PIP3), and protein substrates (Myers et al., 1997; Gu et al., 1998; Maehama and Dixon, 1998; Tamura et al., 1998) . PIP3 is a product of class I phosphoinositide 3-kinase (PI3K) and acts as a lipid second messenger to activate multiple downstream effectors such as the serine threonine kinase AKT/PKB. Several observations have demonstrated that the PTEN PIP3 3-phosphatase activity is essential to its tumour suppressor function (Li and Sun, 1998; Myers et al., 1998) . The PTEN G129E mutation found in Cowden patients disrupts PTEN lipid phosphatase activity but preserves the protein phosphatase activity (Myers et al., 1998) . Furthermore, loss of PTEN in tumour cell lines leads to an increased concentration of PIP3 and to AKT hyperactivation (Stambolic et al., 1998) . Restoration of PTEN WT in mutated tumour cells results in the reduction of PIP3 levels and of AKT activation (HaasKogan et al., 1998; Li and Sun, 1998) . The FOXO subfamily of Forkhead transcription factors (FKHR/ FOXO1, FKHRL1/FOXO3a and AFX/FOXO4) are negatively regulated by AKT and evidence have been provided that they are critical effectors of PTENmediated tumour suppression effect .
In Caenorhabditis elegans, a conserved insulin-like signalling pathway regulates worm metabolism, development and lifespan. The insulin-like signal is conveyed through DAF-2, a member of the insulin/insulin-like growth factor I (IGF1) family of receptor tyrosine kinases (Paradis and Ruvkun, 1998) . Daf-2 mutants arrest development at a diapausing larval stage known as dauer and their metabolism is shifted dramatically towards energy storage. Dauer formation is an adaptive response to unfavourable conditions such as overcrowding and starvation (Riddle, 1997) . Genetic analyses have revealed that DAF-2 signals to AGE-1, which encodes a homologue of the p110 catalytic subunit of class I PI3Ks (Dorman et al., 1995; Morris et al., 1996) . Two C. elegans AKT homologues AKT-1 and AKT-2 act downstream of AGE-1 (Paradis and Ruvkun, 1998). DAF-16, a Forkhead transcription factor, is the major negatively regulated target of the DAF-2/AGE-1/AKT-1/2 signalling cascade (Lin et al., 1997; Ogg et al., 1997; Paradis and Ruvkun, 1998) . DAF-18 has been recently characterized as the closest homologue of human PTEN in C. elegans (Ogg and Ruvkun, 1998; Gil et al., 1999; Mihaylova et al., 1999; Rouault et al., 1999) . DAF-18 negatively regulates the insulin-like pathway and, based on its homology with PTEN, it has been suggested that DAF-18 may antagonize the activity of AGE-1 by catalysing the dephosphorylation of PIP3.
PTEN activity has been extensively studied as a tumour suppressor and very little is known about its role in normal cell function. To further explore the role of PTEN in the insulin signalling cascade and its possible involvement in the mechanisms of ageing, we undertook a study of PTEN function in C. elegans. Here, we report that human PTEN can substitute for DAF-18 to regulate dauer and lifespan. Furthermore, we show that DAF-18, like PTEN, functions as a PIP3 phosphatase and that PIP3 is a critical lipid second messenger for dauer and lifespan regulation. Finally, we found that mutation of PTEN regulatory modules affect its ability to antagonize the insulin pathway.
Results

PTEN controls dauer entry and lifespan in C. elegans
To investigate whether human PTEN could substitute for DAF-18 to regulate the insulin/IGF-I pathway in C. elegans, we constructed vectors driving either PTEN cDNA or daf-18 cDNA expression under the control of 1 kb of 5 0 regulatory sequences of daf-18. This sequence is believed to contain the complete daf-18 promoter since it is bounded by an upstream gene located within 1 kb of its start codon. These constructs were injected into double mutants daf-2(e1370); daf-18(mg198). daf-2(e1370) single mutants constitutively form dauers at 251C and become long-lived adults when transferred at 251C from the L4 stage (Kenyon et al., 1993; Larsen et al., 1995; Lin et al., 1997) . daf-18(mg198) null mutation suppresses daf-2(e1370) mutant phenotypes: daf-2(e1370); daf-18(mg198) double mutants do not form dauer at 251C and have a shorter lifespan compared to daf-2(e1370) mutants (data not shown and Table 1) .
We found that expression of PTEN WT in daf-2(e1370); daf-18(mg198) mutants restored the daf-2(e1370) constitutive dauer phenotype at 251C as efficiently as DAF-18 (Table 1) . Furthermore, the extension of lifespan observed for transgenic animals expressing PTEN WT or DAF-18 were alike (15.9 and 16.2 days, respectively, compared to 11.4 days for double mutants, Figure 1a and Table 2 ). To determine whether the functioning of PTEN in dauer and lifespan regulation requires its phosphatase activity, we introduced a catalytically inactive form of PTEN (PTEN C124S; Maehama and Dixon, 1998; Myers et al., 1998) in double mutants. We neither observed dauer formation (Table 1) nor lifespan extension ( Figure 1a and Table 2 ), although PTEN C124S was expressed in worms ( Figure 2a ). These results show that PTEN can substitute for DAF-18 to regulate dauer and lifespan in worms and that PTEN protein and/or phospholipids DAF-18 regulates PIP3 levels in worms PTEN specifically dephosphorylates the D3 position of PIP3 (Maehama and Dixon, 1998; Lee et al., 1999) . Several reports have convincingly shown that tumour cell lines with an inactive mutant form of PTEN have elevated levels of PIP3 (Furnari et al., 1998) . Although genetic evidences place DAF-18 downstream of AGE-1/ PI3K and suggests that DAF-18 functions as a PIP3 3-phosphatase, no biochemical data supporting this model have been reported to date. According to this notion, daf-18 mutation should result in an increase of PIP3 level in worms. To test this hypothesis, we metabolically labelled phospholipids from wild-type and daf-18(mg198) animals and analysed the PIP3/PIP2 ratio by high-performance liquid chromatography (HPLC, see Materials and methods). We reproducibly observed a two-to threefold increase of PIP3 in daf-18(mg198) The lipid phosphatase activity of PTEN and DAF-18 is essential for dauer entry and lifespan regulation
While our results provide biochemical evidences that DAF-18 regulates PIP3 levels in worms, they do not show that the lipid phosphatase activity of PTEN and DAF-18 is required for dauer and lifespan regulation.
To address this question, we tested the biological activity of a PTEN mutant (G129E), which has lost the ability to recognize PIP3 but which remains active towards protein substrates (Myers et al., 1998; Lee et al., 1999) . This glycine is found in all PTEN orthologues at the same position within the catalytic core domain and corresponds to Gly174 in DAF-18 (Maehama et al., 2001) . The introduction of transgenes encoding either PTEN G129E or DAF-18 G174E into daf-2(e1370); daf-18(mg198) mutants resulted in transgenic animals, which did not enter the dauer larval stage when grown at 251C (Table 1) , although Western blot analysis confirmed that the PTEN G129E protein was efficiently expressed in worms (Figure 2a) . Interestingly, the lifespan of these transgenic worms was comparable to the daf-2(e1370); daf-18(mg198) mutant lifespan ( Figure 1a and Table 2 ). These results strongly indicate that the protein phosphatase activity of PTEN and DAF-18 is not sufficient to regulate development and longevity in C. elegans, and that the lipid phosphatase activity is essential for these physiological processes.
Mutations of PTEN phosphorylation sites enhance its biological function in C. elegans
Although the tumour suppressor role of PTEN has been firmly established, the molecular mechanisms involved in PTEN regulation remain poorly understood. Phosphorylation has been proposed as a possible mode of PTEN regulation Vazquez et al., 2000; Torres and Pulido, 2001; Vazquez et al., 2001; Birle et al., 2002) . Mutation of each of three putative phosphorylation sites (Ser380, Thr382 and Thr383) to alanine residues increases PTEN biological activity but reduces PTEN protein stability Torres and Pulido, 2001 ). Based on these results, we first asked whether PTEN was phosphorylated in C. elegans. For this purpose, we used a polyclonal serum that reacts with PTEN when phosphorylated on Ser380/Thr382/ Thr383 and found that this antibody recognized PTEN WT when expressed in worms. Conversely, PTEN mutated on both Thr382 and Thr383 (PTEN T382/ T383A) was barely detected with this antibody (Figure 4a ), whereas it was revealed with a monoclonal antibody recognizing a phospho-independent epitope (Figure 2a ). These results indicate that PTEN is phosphorylated on Ser380, Thr382 and Thr383 in C. elegans and that the protein kinase(s) responsible for phosphorylation at these residues is (are) present in C. elegans.
Although the current model proposes that unphosphorylated PTEN is not stable, the level of PTEN T382/T383A protein observed by Western blot analysis was not diminished compared to PTEN WT (Figure 2a) . We thus asked whether alanine substitution of the three clustered phosphorylation sites Ser380, Thr382 and Thr383 would affect PTEN protein stability and/or protein expression level. PTEN mutated on Ser380, Thr382, Thr383 was barely detectable by Western blot analysis with anti-PTEN monoclonal antibody (Figure 2b ), thus indicating that phosphorylation of these three residues may regulate PTEN protein stability and that phosphorylation of Ser 380 may be critical for this effect.
The prevailing view is that phosphorylation keeps PTEN stable but less active, whereas dephosphorylation activates PTEN. PTEN T382/T383A expression in daf-2(e1370); daf-18(mg198) restored the daf-2(e1370) dauer phenotype at 251C as efficiently as PTEN WT (Table 1) . Based on the mammalian model, we expected an enhancement of PTEN T382/T383A biological activity. However, this effect could not be examined in our assays since PTEN WT already induced 100% of worms to enter the dauer stage at 251C. We then took advantage of the temperature sensitivity of the daf-2(e1370) mutation to ask whether a lower temperature would reveal increased PTEN activity by the (Table 3) . As expected, daf-2(e1370); daf-18(mg198) worms expressing PTEN WT show a similar phenotype with a penetrance comparable to daf-2(e1370) mutants, of 10.7 and 8.7%, respectively (Table 3) . Consistent with the prediction that mutation of these phosphoacceptor sites increases PTEN biological activity, 79.5% of animals expressing PTEN T382/ T383A underwent larval arrest when raised at 211C (Table 3) . Furthermore, despite the very low level of PTEN S380/T382/T383A protein, all animals expressing this PTEN mutant formed dauer at 251C (Table 1) and 19.9% underwent larval arrest when grown at 211C (Table 3) . These results show that mutation of PTEN at sites of phosphorylation enhances its function for dauer regulation. Lifespan of worms expressing PTEN T382/ T383A was significantly increased compared to worm expressing PTEN WT ( Figure 1b and Table 2 ). On the other hand, worms expressing PTEN S380/T382/T383A displayed a reduced longevity ( Figure 1b and Table 2 ) compared to PTEN WT. Thus, although PTEN S380/ T382/T383A expression rescues the dauer phenotype of double mutants daf-2(e170); daf-18(mg198), this PTEN mutant does not recapitulate PTEN WT function for lifespan control. These results suggest that modulation of PTEN phosphorylation and stability do not affect PTEN function in the same way for dauer and lifespan regulation.
The PTEN PDZ-binding motif (PDZbm) is required for lifespan and dauer regulation
The last four amino acid of PTEN display a PDZPDZbm and several groups have reported association of PTEN with PDZ domain-containing proteins (Adey et al., 2000; Wu et al., 2000a, b) . To explore the biological relevance of the PDZbm of PTEN, a transgene encoding a PDZbm-deleted form of PTEN (PTEN 399STOP) was introduced into daf-2(e1370); daf-18(mg198) mutants. To ensure that PTEN 399STOP was expressed in transgenic animals, we used a polyclonal serum that reacts with PTEN phosphorylated on Ser380, Thr382 and Thr383, since the monoclonal anti-PTEN used in this study was raised against the PTEN C-terminus. Western blot analysis comparing the level of expression of PTEN WT and PTEN 399STOP did not reveal any major difference in protein level (Figure 4b ), similarly to results obtained in mammalian cells (Leslie et al., 2001) . Transgenic animals expressing PTEN 399STOP constitutively arrested at the dauer stage at 251C (Table 1) . However, at 211C, only 3% of them show transient larvae arrest (Table 3 ). Furthermore, their lifespan was significantly reduced (13 days) compared to worms expressing PTEN WT (15.9 days, see Figure 1b and Table 2 ). Collectively, these results indicate that the deletion of the PDZbm significantly impairs PTEN biological activity in C. elegans and strongly suggest that PDZ-containing proteins play a role in dauer and lifespan regulation by PTEN.
Discussion
PTEN can replace DAF-18 in C. elegans
Previous genetic studies have shown that DAF-18, the C. elegans homologue of PTEN, antagonizes the action of both the receptor DAF-2 and the PI3K homologue AGE-1. Although the high conservation of the core enzymatic domain between DAF-18 and PTEN supports the notion that these enzymes recognize similar substrates, DAF-18 and PTEN differ in their C-terminal region (Ogg and Ruvkun, 1998; Gil et al., 1999; Mihaylova et al., 1999; Rouault et al., 1999) , thus raising the possibility that their mode of regulation is not alike. In this study, we have demonstrated that expression of either human PTEN or DAF-18 under the control of daf-18 regulatory sequences complements dauer and lifespan phenotype of daf-18 mutants to the same extent. These data establish that PTEN and DAF-18 are genuine orthologues and further suggest that mechanisms regulating PTEN function are conserved between human and C. elegans.
PIP3 is a critical second messenger for dauer and lifespan regulation
Biochemical determination of the phosphoinositide content in daf-18 mutant worms allowed us to show that the PIP3 level was significantly increased compared with wild-type animals, thus suggesting that this class of phosphoinositides may be a critical second messenger for the regulation of dauer and longevity in C. elegans. However, the insulin/IGF-I pathway delivers different biological outcomes that are both PI3K dependent and PI3K independent (Saltiel and Kahn, 2001) . Therefore, the variation of PIP3 levels could be a secondary event in dauer and lifespan regulation by DAF-18. Using a previously characterized lipid phosphatase mutant (PTEN G129E), we firmly established that PTEN catalytic activity directed towards PIP3 is essential for dauer and lifespan regulation. Similarly, mutation of the conserved glycine in DAF-18 (DAF-18 G174E) invalidates its capacity to rescue dauer and lifespan phenotype of daf-18 mutants. These results indicate that the PIP3 3-phosphatase activity of PTEN and DAF-18 is essential for dauer and lifespan regulation and further suggest that PIP3 is a second messenger of the insulin signalling pathway that is critical for both physiological processes.
Distinct PTEN regulatory modules are necessary for the control of insulin signalling
In addition to the catalytic and C2 domains, PTEN displays several motifs that serve to regulate its activity and biological function. The 50 amino acids of the PTEN carboxy-terminal tail contain several putative phosphorylation sites including Ser380, Thr382 and Thr383. Using a phosphospecific antibody, we found that PTEN is phosphorylated on Ser380, Thr382 and Thr383 in C. elegans. In addition, these results show that PTEN phosphorylation is independent of its enzymatic activity, since phosphorylated PTEN is also detected in transgenic worms expressing a catalytic null mutant (Figure 4b ). Moreover, mutation of each of the three phosphorylation sites (Ser380, Thr382 and Thr383) has been shown to enhance the capacity of PTEN to inhibit downstream targets and to result in a loss of PTEN protein stability (Tolkacheva et al., 2001; Torres and Pulido, 2001; Vazquez et al., 2001) . In agreement with these findings, we found that phosphorylation of these residues are critical for PTEN stability and for the ability of PTEN to modulate the insulin/IGF1 signalling in worms. Furthermore, PTEN protein mutated at these three phosphorylation sites was barely detected by Western blot analysis. However, from these experiments, we cannot definitively exclude that mechanisms other than the loss of protein stability could account for the decreased level of mutant PTEN. The protein kinase CK2 was identified as one of the physiologically relevant kinase that phosphorylates PTEN C-terminus and inhibits its activity (Torres and Pulido, 2001; Vazquez et al., 2001) . Following this line of investigation, it will be relevant to study whether the C. elegans orthologue of CK2 may regulate the insulin pathway in the nematode via its action on DAF-18/ PTEN.
Another feature of the PTEN protein is the presence of a PDZbm in the last four C-terminus amino acids. PDZ domains are often found in scaffold proteins that organize multimolecular complexes at the plasma membrane. We show here that deletion of the PDZbm of PTEN (PTEN 399STOP) impairs its capacity to regulate dauer and lifespan. However, PTEN 399STOP does not behave like a catalytic null mutant and retains some biological activity. The PDZbm of PTEN can bind to PDZ-containing proteins such as membrane-associated guanlylate kinase hDlg and MAGI-1, MAGI-2, MAGI-3, the kinase hMAST205 and the multi-PDZ protein MUPP1 (Adey et al., 2000; Wu et al., 2000a, b) . It has been suggested that these PDZ-containing proteins contribute to the recruitment of PTEN at the plasma membrane and that interaction with MAGI proteins enhances the ability of PTEN to regulate negatively AKT, presumably by locating PTEN within close proximity of its substrate PIP3 (Wu et al., 2000a, b) . Furthermore, a truncated form of PTEN that lacks solely the PDZbm is less efficient at inhibiting platelet-derived growth factor-induced cytoskeletal changes (Leslie et al., 2000 (Leslie et al., , 2001 . However, several reports have concluded that the PDZbm is dispensable for PTEN tumour suppressor activity Morimoto et al., 1999; Leslie et al., 2000; Tolkacheva and Chan, 2000) . Our data suggest that PTEN may interact with PDZ-containing proteins in C. elegans and consistent with this idea, homologues of hDlg and MAGI have been identified in the nematode (Bossinger et al., 2001; F Solari, unpublished data) .
The functional and physiological significance of the regulatory modules of PTEN are still a matter of controversy. Our results support the notion that the PTEN PDZbm and that phosphorylation sites Ser 380, Thr382 and Thr383 are critical for the downregulation of the insulin pathway in a whole organism, a finding that would deserve to be tested in mammals.
Insulin signalling and regulation of lifespan: a conserved role of PTEN throughout evolution? Holzenberger et al. (2003) have recently shown that Igf1r heterozygous knockout mice live up to 33% longer that their wild-type littermates . Moreover, disruption of the gene encoding the insulin receptor in adipocytes increases the mean lifespan of mice of 18% (Blu¨her et al., 2003) . These results combined with previous reports on both DAF-2 (Kenyon et al., 1993) and on the role of the insulin receptor, in Drosophila lifespan (Clancy et al., 2001; Tatar et al., 2001) , strengthen the emerging view that the insulin/IGF-I system controls ageing in all organisms with similar molecular mechanisms.
We have observed that over expression of DAF-18 is sufficient to increase substantially wild-type worms longevity (data not shown). With regard to our results, it is conceivable that PTEN might be one of the components of the insulin cascade implicated in mammalian lifespan regulation and overexpression of PTEN in mice with a transgenic approach should allow this question to be addressed. Overall, our data strongly suggest that proteins that regulate PTEN function are conserved in worms. Mechanisms responsible for PTEN regulation are still poorly understood. A genetic screen to identify genes interfering with PTEN lifespan rescue should elucidate this question and improve our understanding of PTEN tumour suppressor role, given the intertwined relationships between tumour suppression and longevity.
Materials and methods
Srains
Strains used were as follows: wild-type N2 bristol, daf-2(e1370) III, daf-18(mg198) IV and daf-2(e1370); daf-18(mg198). The daf-18(mg198) null mutation was isolated in a EMS screen for suppressors of the dauer phenotype of age-1(mg44) (Paradis and Ruvkun, 1998; SP, SK, GR, unpublished results). daf-18(mg198) mutants behave similarly to the previously described daf-18(nr2037) null allele (Gil et al., 1999; Mihaylova et al., 1999) : daf-18(mg198) are dauer defective and short lived (F Solari, unpublished results).
Constructs and transgenic lines
To generate pPD95.75-daf-18p, 1 kb upstream sequence of daf-18 ATG was amplified by PCR from N2 genomic DNA using the primers XbaI-daf-18pF: 5 0 -GCTCTAGAGC GGAAACTCATTTCTGAAATGTC-3 0 ; and BamHI-daf18pR: 5 0 -CGGGATCCCG TGGGGGTTAGTAGATG-TACC-3 0 , double digested with XbaI and BamHI and inserted into XbaI-BamHI double-digested pPD95.75 (provided by Andy Fire, Carnegie Institute of Washington). Daf-18p-daf18cDNA and daf-18p-PTENcDNA constructs were obtained by inserting, respectively, daf-18 cDNA (amplified by PCR with primers XhoI-daf-18cDNAF 5 0 -GCCCTGAAAACTC-GAGAACAAATGG-3 0 ; and SalI/SmaI-daf-18cDNAR 5 0 -GAATTTTGATCAAGCTATTTATTTGTAACCCGGGAG TCGACGATC-3 0 from yk400b8 cDNA provided by Yuji Kohara) or the PTEN full-length cDNA into pPD95.75 daf18p double digested with SmaI and EcoRI upstream unc-54 3 0 UTR. DAF-18-G174E, PTEN-C124S and PTEN-G129E mutants were generated by standard PCR-based site-directed mutagenesis using, respectively, primers 5 0 -CACTGTAAAGCTG GAAAAGAACGTACCGGAGTGATGATATG-3 0 ; 5 0 -GTTG CAGCAATTCACAGTAAGGCTGGAAAGGGAC-3 0 ; and 5 0 -GTAAAGCTGGAAAGGAGCGAACTGGTGTAATGA TATG-3 0 . The authenticity of all constructs was confirmed by nucleotide sequencing analysis. PTEN T382/T383A and PTEN S380/T382/T383A mutants were obtained as described previously (Tolkacheva et al., 2001) . PTEN mutant cDNAs were recovered by BamHI-EcoRI digestion and inserted into pPD95.75 daf-18p digested with BamHI and EcoRI. PTEN-399STOP was recovered by EcoRI digestion from pEGF-C2 PTEN-399STOP (kindly provided by NR Leslie) and cloned into pPD95.75-daf-18p after digestion with EcoRI and SmaI.
Constructs were injected at 20 ng/ml together with pRF4 (ROL-6) at 100 ng/ml into daf-2(e1370); daf-18(mg198) mutants. For each construct, two to four independent lines have been generated and analysed.
Lipid extraction and analysis
Worms were washed in phosphate-free RPMI at 211C and labelled with 0.7 mCi/ml of [ 32 P]orthophosphate (Amersham) during 12 h in phosphate-free RPMI at 211C. 32 P-labelled worms were then washed once in phosphate-free RPMI at 211C and lipids were immediately extracted following the modified procedure of Bligh and Dyer (Bligh and Dyer, 1959 (Payrastre et al., 2001; Niebuhr et al., 2002) .
Antibodies and immunoblotting
Anti-human PTEN (clone 6H2.1) antibodies from Cascade BioScience; anti-phospho-PTEN (Ser380/Thr382/383) polyclonal antibodies from Cell Signalling; anti-b-tubulin monoclonal antibodies from Boehringer Mannheim Biochemica were used at 1 : 1000 dilution and anti-actin monoclonal antibodies from Sigma were used at 1 : 600. Samples for Western blot analysis were prepared essentially as follows: approximately 100 adult worms were hand picked, washed twice in M9 buffer (Brenner, 1974) , once in water, frozen in liquid nitrogen and resuspended in an equal volume of 2 Â Laemmli buffer. Samples were boiled for 10 min, centrifuged for 10 min at 13 000 r.p.m. Proteins were separated on 10% SDS-PAGE.
Lifespan assays
Lifespan analyses were performed essentially as described (Kenyon et al., 1993) . Animals were raised at 151C until the L4 stage and then shifted to 251C. The day of the shift is counted as day 0 in the adult lifespan assay. Animals were considered dead when they ceased moving and responding to prodding.
Dauer assays
The dauer phenotype was scored essentially as described (Gottlieb and Ruvkun, 1994) . L4 animals were transferred from 15 to 251C then removed after 24 h and the progeny were scored for dauer formation 48 h later. Dauers were distinguished by a radially constricted body, darkly pigmented intestine, dauer alae and a constricted pharynx.
